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Abstract

Energetic film deposition techniques, film properties, and some applications are briefly reviewed. Energetic deposition

can be defined as a film deposition process in which a significant fraction of particles arrives at the substrate surface

with a kinetic energy greater than the bulk displacement energy. Examples of energetic deposition processes include ion-

beam-assisted deposition, plasma immersion ion deposition, pulsed laser deposition, and cathodic arc deposition. This

work focuses on the production, properties, and use of filtered cathodic arc plasmas. The pulsed biasing technique of

metal plasma immersion ion implantation and deposition extends the possibilities of tuning film properties such as

density, stress, adhesion, surface roughness, hardness, elastic modulus, and optical constants via the energy of film-

forming ions. The difference between kinetic and total ion energy, atomic scale heating, nucleation, intermixing,

subplantation, and the relaxation of compressive stress by relatively high-energy ions are discussed. r 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The surface properties are generally critical for
the use of components in many applications.
Surface engineering has become a field of intense
research. Among the many technologies, plasma-
assisted or plasma-based techniques of surface
modification and thin film deposition are widely
used. The relatively simple thermal and electron-
beam evaporation techniques are characterized by
high rates and low-particle energies (o1 eV). They
are often used for large-area, thick (mm) coatings
that have a porous microstructure with tensile
stress. Sputtering techniques produce particles of
higher energy (5–10 eV), leading to denser films

with less tensile stress at a high pressure, or even
compressive stress at low-sputtering pressure.

In sputtering, partially ionized plasma is pre-
sent, allowing the operator to apply substrate
biasing thereby manipulating the energy of parti-
cles that form the film or assist film growth. In
conjunction with a suitable substrate temperature,
film properties can be adjusted in a wide range. A
variety of sputtering techniques (magnetron, un-
balanced magnetron, ionized sputtering, pulsed
sputtering, ion beam sputtering, etc.) have been
developed, now dominating the field of thin film
coating [1,2].

Energetic deposition can be defined as a film
deposition process in which a significant fraction
of particles arrives at the substrate surface with a
kinetic energy greater than the bulk displacement
energy of the substrate. The bulk displacement
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energy is generally defined as the energy needed to
move a substrate atom from its bulk lattice site to
a stable interstitial site. The bulk displacement
energy is not well defined because it depends on
the direction of the energetic particle causing the
displacement relative to the crystalline texture, if
the material is crystalline. For amorphous materi-
als, the terms ‘‘interstitial’’ and ‘‘vacancy’’ are not
exactly applicable and can only be understood in
the sense of local density. Therefore, a range of
energies exists for the creation of a Frenkel pair
(interstitial and vacancy). Displacement energies
are in the range from about 10 eV for magnesium
to about 40 eV for rhenium [3]. The uncertainty in
the definition of the displacement energy is not of
great concern here because it only determines the
lower energy limit of ‘‘energetic deposition.’’

The energetic particle fraction can be supplied
by a dedicated source of energetic particles, usually
ions, or the film-forming particles themselves may
be energetic. For example, the supersonic flux of
cathodic arc-generated ions can be considered as a
self-ion-assisted process.

To obtain an overview of this field, the paper is
organized as follows. In Section 2, energetic film
growth techniques are systematically discussed
with emphasis on filtered cathodic arc plasmas
and the technique of metal plasma immersion ion
implantation and deposition (MePIIID). This is
followed by considerations of energetic film
growth and film properties, and finally some
applications are briefly discussed.

2. Techniques of energetic film deposition

2.1. Ion-beam deposition

Ion beams can be formed in ion sources using a
plasma-generating system (such as a filament,
radio frequency (RF), or microwave discharge)
and an ion extraction system. One may distinguish
between broad-beam deposition and mass-selected
ion-beam deposition.

In the broad beam concept, a space–charge-
compensated ion beam of film-forming species is
directed to the substrate. The most prominent
example is the ion beam deposition of diamond-

like carbon (DLC or a-C:H), where a hydro-
carbon-containing gas mixture is used in the ion
source. The ion energy here is typically 100 eV, i.e.
low energy from an ion-beam point of view, but
energetic from a deposition point of view.

In mass-selected ion beam deposition, a beam of
positive and/or negative ions of much higher
energy (many keV) is sent through a magnetic
system allowing the operator to pick the desired
ion species from the species present in the original
beam. The flux of selected species is decelerated to
the desired energy before impacting the substrate.
Mass-selected ion beam deposition is a great tool
for fundamental research (e.g. [4–7]), but not
suitable for coating production due to very high
cost and small coating area.

2.2. Ion-beam-assisted deposition (IBAD)

It is well known that with evaporation and
sputter deposition, ion beam assistance can greatly
alter the film properties. In essence, the growing
film is bombarded with energetic ions, often argon,
generated by a dedicated ion source such as a
Kaufman, or gridless, or End–Hall ion source. The
film properties are greatly influenced by the ion
energy and the ion-to-atom arrival ratio. Many
reviews and books deal with IBAD (e.g. [1,8,9])
and thus here we will not repeat the findings but
borrow from the knowledge when later discussing
the effects of self-ion assistance by the techniques
described in the following sections.

2.3. Ionized and pulsed magnetron sputtering

Depending on the sputtering pressure, sputter
deposition may or may not be considered as
energetic deposition in the above-defined sense.
Most sputtered particles have energy of a few eV;
thus, sputter deposition is not energetic deposition,
at least at high sputter pressure. However, at a low
pressure, the energetic tail of the distribution (10–
100 eV) may become decisive for the film proper-
ties. The degree of ionization of the sputter plasma
is low (o1%) and therefore substrate biasing, if
applied, influences only a small fraction of
particles. This drawback is mitigated by special
means of enhancing the degree of ionization such
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as additional RF plasma heating [10,11] or pulsed-
DC plasma heating [12]. With enhanced degree of
ionization, substrate biasing can lead to ‘‘plasma-
assisted’’ or more exactly ‘‘ion-assisted’’ film
growth in the sense of energetic deposition.
Energetic sputtering methods are being used to
deposit hard and superhard films and nanocom-
posite coatings [13]. The mechanism of energetic
ion generation by substrate bias is explained in
more detail in the section on plasma immersion
techniques (2.6).

2.4. Pulsed laser plasma deposition

Pulsed laser ablation of material for a solid
target involves the generation of plasma of the
ablated material [14], and this plasma is often
characterized by a high degree of ionization and
kinetic ion energy [15,16]. Since the laser pulse
length is usually short (ms or even less), the duty
cycle is low even at high-pulse repetition rates, and
average deposition rates are low. Pulsed laser
deposition is the method of choice for some
specialty applications such as the deposition of
high-temperature superconductors where criteria
other than rate are important.

2.5. Cathodic (vacuum) arc plasma deposition

While laser ablation essentially works with all
solid target materials, cathodic arc plasma deposi-
tion is limited to conducting materials. The
consumable cathode is transferred to the plasma
state at microscopic, non-stationary cathode
spots—locations of extremely high-current den-
sity, power density, and plasma density [17]. The
plasma expanding from cathode spots contains
ions that are usually multiply charged and have a
kinetic energy in the range 18–150 eV, depending
on the cathode material (Table 1). The higher the
cohesive energy of the solid cathode, the greater
are the arc burning voltage, power density, average
ion charge state, electron temperature, and ion
kinetic energy (cohesive energy rule [18]). Cathodic
arc plasma deposition is perhaps the oldest
technique of energetic deposition [19].

Due to the explosive nature of plasma forma-
tion, cathodic arc processes also produce un-

wanted droplets and debris particles in the mm-
and sub-mm range, commonly referred to as
macroparticles. For some applications, such as
reactive deposition of decorative and protective
coatings such as TiN and (Ti,Al)N, macroparticles
can be tolerated. For high-tech applications,
macroparticles must be removed, while filtering is
the most common approach. The original concept
was introduced in the 1970s by Aksenov and
coworkers [20], and about a dozen filter variations
have been reviewed recently [21]. There are efforts
to use filtered coating systems even for the
traditional reactive arc deposition of TiN and
(Ti,Al)N [22].

2.6. Metal plasma immersion ion implantation and

deposition (MePIIID)

Even without substrate bias, cathodic arc
plasma deposition is an energetic deposition,
because the ion kinetic energy is high enough to
cause the arriving ion to penetrate the substrate
surface and to displace near-surface atoms. The
range of ion energies can be greatly influenced by
applying substrate bias. Here it is implied that the
substrate is conducting. The situation is altered
when the substrate or the growing film is insulat-
ing, see below.

Historically, biasing the substrate for energetic
film growth was developed from two directions. In
the first, a DC or RF bias voltage was applied to
the substrate and the to-be-deposited vapor was
partially ionized. This concept, introduced in the
1960s by Mattox as ion plating ([23] and references
therein), was combined with various methods of
vapor and plasma generation. It may be consid-
ered as the original approach to intentional
energetic deposition. In a second route, pulsed
high-voltage substrate biasing was introduced for
implantation of metal ions [24] and gaseous ions
[25]. The technique is today known as plasma
immersion ion implantation and under several
other names [26]. Brown and coworkers [27,28]
extended the pulsed ion implantation concept to a
hybrid ion implantation and deposition technique
using vacuum arcs, presently known as metal
plasma immersion ion implantation and deposi-
tion (MePIIID) [29]. In some sense, MePIIID can
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Table 1

Cohesive energy [88], displacement energy [3], burning voltage at 300 A [18], kinetic energies [89], charge states (particle fractions) [90], and ionization energies [60,61] for

selected cathodic arc plasmas

Cathode

material

Cohesive

energy

(eV/atom)

Displ.

energy

(eV)

Arc

burning

voltage

(V)

Kinetic

ion

energy

(eV)

E0

(eV)

f ð1þÞ(%) E1

(eV)

f ð2þÞ
(%)

E2

(eV)

f ð3þÞ
(%)

E3

(eV)

f ð4þÞ
(%)

E4

(eV)

f ð5þÞ
(%)

Li 1.63 23.5 19 5.39 100 75.64 0 0 0 0

C

(graphite)

7.37 25 29.6 19 11.3 100 24.38 0 0 0 0

Mg 1.51 10 18.8 49 7.65 46 15.04 54 80.14 0 0 0

Al 3.39 16 23.6 33 5.99 38 18.83 51 28.45 11 120.0 0 0

Si 4.63 13 27.5 34 8.15 63 16.35 35 33.49 2 45.14 0 0

Ti 4.85 19 21.3 59 6.83 11 13.76 75 27.49 14 43.27 0 0

V 5.31 26 22.5 70 6.75 8 14.66 71 29.31 20 46.71 1 65.28 0

Cr 4.1 28 22.9 71 6.77 10 16.49 68 30.96 21 49.16 1 69.46 0

Fe 4.28 17 22.7 46 7.90 25 16.19 68 30.65 7 54.80 0 0

Co 4.39 22 22.8 44 7.88 34 17.08 59 33.50 7 51.30 0 0

Ni 4.44 23 20.5 41 7.64 30 18.17 64 35.19 6 54.90 0 0

Cu 3.49 19 23.4 57 7.73 16 20.29 63 36.84 20 57.38 1 79.80 0

Zn 1.35 14 15.5 36 9.39 80 17.96 20 39.72 0 0 0

Ge 3.85 15 17.5 45 7.90 60 15.93 40 34.22 0 0 0

Y 4.37 18.1 80 6.22 5 12.24 62 20.52 33 60.60 0 0

Zr 6.25 21 23.4 112 6.63 1 13.13 47 22.99 45 34.34 7 80.35 0

Nb 7.57 28 27.0 128 6.76 1 14.32 24 25.04 51 38.30 22 50.55 2

Mo 6.82 33 29.3 149 7.09 2 16.16 21 27.13 49 46.40 25 54.49 3

Pd 3.89 26 21.3 131 8.34 23 19.43 67 32.93 9 60.87 1 78.25 0

Ag 2.95 23 23.0 69 7.58 13 21.49 61 34.83 25 60.52 1 80.01 0

Cd 1.16 19 16.0 27 8.99 68 16.91 32 37.48 0 0 0

In 2.52 15 17.5 21 5.79 66 18.87 34 28.03 0 0 0

Sn 3.14 22 17.5 30 7.34 47 14.63 53 30.50 0 0 0

Ta 8.1 32 28.7 136 7.89 2 14.47 33 23.49 38 36.32 24 49.14 3

W 8.9 38 31.9 117 7.98 2 15.08 23 25.43 43 39.29 26 53.15 6

Pt 5.84 33 22.5 67 9.00 12 19.24 69 35.25 18 51.27 1 67.28 0

Au 3.81 36 19.7 49 9.23 14 20.50 75 37.37 11 54.80 0 0

Pb 2.03 15.5 35 7.42 36 15.03 64 31.94 0 0 0

Bi 2.18 15.6 24 7.29 83 16.69 17 26.85 0 0 0

Th 6.2 23.3 118 6.08 0 11.50 24 20.00 64 28.80 12 57.22 0

U 5.55 23.5 160 6.19 20 11.63 40 18.09 32 30.90 8 49.91 0

The uranium charge state distribution was taken from [91]. The burning voltage, kinetic energies, and ion charge state distributions are values averaged over many

discharges, thereby not showing the fluctuating nature of these values. The ionization energies are conventionally defined as E0 for the energy to ionize the neutral, and E1

to remove an electron from the singly charged ion forming a doubly charged ion, etc.
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be understood as ion plating with cathodic arc
plasmas and pulsed biasing. Pulsed biasing, as
opposed to DC or RF, offers the advantage of
additional process parameters such as pulse
duration and duty cycle. Moreover, higher vol-
tages can be applied, if desired, while the danger of
unwanted substrate arcing is low.

Fig. 1 shows the general setup of MePIIID,
using filtered vacuum arc plasma and pulsed
biasing. The arc may be pulsed or continuous,
and the bias is usually pulsed. During the pulse-off
times, a film is formed by the condensing metal
plasma. In the pulse-on time, plasma ions are
accelerated in the space–charge sheath that forms
between substrate and plasma. Ions are implanted
more or less deeply; their projected range depends
of course on the bias amplitude. Due to sputtering,
surface material is removed and thus MePIIID
does not always lead to film growth [30].

The kinetic energy of ions of charge state Q

arriving at the substrate surface is time dependent
and can be approximated by

EkinðQ; tÞ ¼ Ekin;0 þ QVbiasðtÞ; ð1Þ

where Ekin;0 is the kinetic energy the ion has
acquired in the acceleration zone at the cathode
spot, Q is the ion charge state number, and VbiasðtÞ
is the absolute value of time-dependent (negative)
bias voltage. Experimentally, it has been found
that Ekin;0 practically does not depend on the
charge state [31]. Examples of kinetic energies and
ion charge state distributions for selected cathodic
arc plasmas are given in Table 1.

In the simplest case, the bias voltage has a
rectangular shape with negligible rise and fall time.
Suppose we consider the deposition of gold ions
from a vacuum arc and use, for example, a pulsed
bias voltage of �100 V. The kinetic energy
distribution is then discrete with 14% at 134 eV,
75% at 234 eV and 11% at 334 eV (Fig. 2, top).
Taking finite pulse rise and fall times into account,
we obtain a more realistic distribution as shown in
the center of Fig. 2. Additionally, one should keep
in mind that charge state distributions fluctuate,
thus, the distribution as shown in the figure would
fluctuate as well. It is clear that MePIIID is not a
monoenergetic process. This is generally accepta-
ble for the deposition process, but it complicates
the discussion and calculation of energy effects on
film properties.

The use of filtered vacuum arc plasmas is
advantageous for several reasons. Among them is
the fact that the plasma is fully ionized, thus
biasing influences all ions and not only a fraction
of the incoming film-forming particles. The pre-
sence of multiply charged ions leads to greater ion
kinetic energy, or the operator can choose to use a
lower bias voltage, saving bias supply costs,
reducing secondary electron emission, and redu-
cing the risk of substrate arcing. Of particular
interest in this respect are pulsed plasmas because
their ion charge states are enhanced compared to
steady-state conditions [32].

MePIIID with insulating substrates is not
straightforward because bias cannot be directly
applied. One can bias the holder thereby creating a
sheath that facilitates ion acceleration, but ion
energy is less, the geometry options are limited,
and surface charging may occur. The latter is also
true, when the growing film is insulating. By using
pulsed bias, one allows the plasma to deliver
charge-compensating electrons during bias-off

Fig. 1. Principal setup of metal plasma immersion ion im-

plantation and deposition (MePIIID) using a filtered vacuum

arc and pulse biasing.

A. Anders / Vacuum 67 (2002) 673–686 677



periods. Some researchers proposed the use of
bipolar bias to assist charge compensation. En-
ergetic deposition is therefore not limited to
conducting substrates [33].

3. Effects of energetic film growth conditions on

film properties

The effects of film growth conditions on film
properties have been often reviewed [9,34–39] and
therefore, we focus here on energetic deposition
using filtered arc plasmas and the MePIIID
technique.

3.1. Creation of an intermixed layer; adhesion

Film growth starts with substrate preparation
and nucleation. In MePIIID, the very same setup
can be used for the initial stages. A higher bias
voltage and a greater bias duty cycle are beneficial
as compared to the later film growth stage. The
idea is to optimize the ion energy for maximum
sputter rate thereby removing surface layers such
as water, oxides, etc. and creating dangling bonds.
Sputter yields are maximum for ion energies of
order 1–5 keV, the specifics depend on the ion-
substrate pair and other details. Sputter yields can
be found in textbooks [40] and calculated, for
instance, by Monte Carlo codes such as TRIM
[3,41].

The beneficial effects of an intermixed layer on
improved adhesion were already pointed out in the
early works of MePIIID by Brown [28]. The effect
of an intermixed layer between a vacuum-arc-
deposited carbon film and a silicon substrate was
investigated [42]. Tarrant and coworkers applied
the Griffith criterion [43] for crack propagation in
bulk materials to the film delamination problem
and reformulated that a film has the potential to
delaminate if the strain energy released by
delamination per unit area exceeds the adhesion
energy per unit area [44,45]. The adhesion energy
is equivalent to the energy needed to form the two
new surfaces by delamination. By creating an
intermixed layer with energetic ions, the adhesion
energy is increased. This statement can be sup-
ported by several arguments. First, the number of
bonds per unit area between the two materials is
increased for geometrical reasons: an intermixed
layer is similar to an atomically rough interface. In
the picture of surface energy, the number of
dangling bonds per area is larger for a rough
surface than for atomically flat surface. The
argument is still true when considering that
the dangling bonds may be relaxed. Second, when
the intermixed layer is formed, weakly bonded
contaminations (water, hydrocarbons, etc.) are
removed by sputtering. These contaminations
would have terminated dangling bonds upon
delamination and created a surface of lower
energy. Absence of contamination therefore pre-
vents the lowering of the surface energy (adhesion

Fig. 2. Energy distribution for the MePIIID process assuming,

as an example, gold plasma and –100 V bias: Top: idealized

distribution of the kinetic ion energy for bias off-(left peak) and

on-time (three right peaks); Center: time-averaged distribution

of the kinetic energy with significant pulse rise and fall times;

Bottom: as center, but total energy, i.e. taking ionization

energies and cohesive energy into account.
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energy). The two arguments refer to the adhesion
energy but energetic deposition also affects the
strain energy, i.e., the other part of the Griffith
criterion. Here, the situation is complicated
because there exists a maximum of stress as a
function of ion energy (see point 3.3).

The greater the ion energy, as determined by
Eq. (1), the greater is the projected range and the
thicker is the intermixed layer. Based on the
preceding arguments, one can expect that there is
an initial strong increase in adhesion with increas-
ing energy of film-forming ions. A further increase
of ion energy will not enhance the adhesion energy
but will reduce strain energy (see point 3.3).

Finally, because there is no sharp interface
between the materials, the strain at the interface is
distributed over a larger number of atoms per unit
area. A gradual transition from one material to
another can better accommodate the strain asso-
ciated with lattice mismatch or film stress. These
rather qualitative arguments are the subject of
research and it can be anticipated that molecular
dynamics and other techniques will clarify the
details of adhesion and delamination.

3.2. Nucleation

Interface formation is closely related to nuclea-
tion of the growing film. Important factors include
(i) the surface temperature, affecting the mobility
of surface atoms, (ii) the kinetic ion energy,
determining the projected range or penetration
depth, sputtering, and motion of atoms on the
surface, and (iii) the surface composition, affecting
the details of sputtering. The nucleation stage is of
particular importance to ultrathin (a few nm)
films, because film growth is practically stopped
when the nucleation stage is completed. Examples
of ultrathin films include amorphous carbon films
on magnetic multilayers and transparent conduct-
ing layers. There are only a few studies on
nucleation using cathodic arc plasmas and the
MePIIID technique.

Chun and Chayahara [46] investigated nuclea-
tion of gold on glassy carbon, mica, and glass at
room temperature, using pulsed vacuum arcs and
pulse bias. Without the bias applied, they found
nucleation to be similar to the conventional

Vollmer–Weber mode, starting with island growth
and forming a continuous film when the thickness
reached 80 nm. With pulsed bias up to �5 kV,
resputtering balances deposition after a thin
intermixed layer was formed. Therefore, regardless
of the arc pulse number, the film remained at a
nominal thickness of 3 nm as determined by
Rutherford Backscattering Spectroscopy. Unfor-
tunately, no details were given regarding bias pulse
length and duty cycle used. By dynamic TRIM
simulations, it was shown that net film growth
critically depends on the bias duty cycle [30].

Durand and coworkers [5] used mass-selected
ion-beam deposition to study the nucleation of
energetic (100 eV) carbon ions on pyrolytic gra-
phite from room temperature to 3001C. Islands are
smaller and more numerous at room temperature
due to the temperature dependence of surface
diffusion. Islands are seen as roughened areas with
1–2 monolayers height. The term ‘‘island’’ is used
even for energetic ions that penetrated the surface
rather than those attached to it. There is no proof
that the islands are made from the material
energetically condensed. One may speculate that
the islands seen in the scanning tunneling micro-
scope are formed by atoms pushed up by the ions
that penetrated the surface.

3.3. Growth mode, density, morphology, texture

and stress

With ion energies in the 10 s of eV (without bias)
and higher (with bias), the growth mode can be
tuned by the specific choice of bias amplitude, bias
pulse duration, and duty cycle. This opens a wide
parameter field that is certainly not yet fully
explored.

Very detailed investigations have been done for
the growth of tetrahedral amorphous carbon (ta-
C) films both experimentally [47–50] and theore-
tically [51–54]. Lossy and coworkers [47,48]
showed already in the early 1990s that the sp3

content of vacuum arc-deposited ta-C can be
>80%, hence, the term ‘‘amorphous diamond.’’
Today, it is widely accepted that an optimum
energy of about 100 eV leads to a maxima in pro-
perties such as sp3 fraction, density, stress, optical
band gap, and resistivity. The subplantation (very
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shallow implantation) model [51,52] describes film
growth from under the surface rather than on the
surface. Interestingly, the basic concept of sub-
plantation can be extended to materials other than
carbon [7], i.e., practically all materials show
effects like densification and stress development.

It is well known that films deposited by low-
energy species (evaporation) have voids, a colum-
nar structure, and exhibit tensile stress [36].
Increasing the energy of the film-forming species
beyond thermal energies, or supplying assisting
energetic ions, promotes surface mobility of
atoms, forward sputtering, and film densification,
leading to a reduction of tensile stress and then
sharply in compressive stress (Fig. 3) [36]. The
compressive stress is maximum at roughly
50–100 eV per arriving ion and is reduced at
higher energies [55]. The energy values are for
orientation only; they depend, of course, on the
specific material. Investigating arc-deposited TiN
films on silicon for instance, Bendavid and cow-
orkers [56] found a reduction of compressive stress
with a substrate bias as low as –50 V for a
deposition temperature of 3751C and a rate of
6 mm/h. For arc-deposited Cr–N, a reduction in
compressive stress was found for bias higher than
–100 V [57], and for (Ti,Al)N films the reduction
was observed for bias greater than –200 V [22]. As
pointed out by Zhitomisky for arc-deposited TiN
[58] and ZrN [59], one has to be careful when
interpreting film data as a function of substrate

bias, because not only the ion energies are
increased, but also the film growth temperature.
For instance, the stress curve mentioned for Cr–N
coatings [57] includes films grown at temperatures
from 2001C to 4201C.

The differences in the stress curves are primarily
due to the specifics of the material system, and are
also influenced by the deposition rate and tem-
perature. However, strictly speaking, there is no
single temperature value in the case of energetic
deposition. Temperature can only be understood
in a local, time-dependent sense because the
impact of each energetic ion creates a small
volume of enhanced temperature. For the very
high energies of ion implantation, the small
volume is determined by the collision cascades
and is known to quench in just some picoseconds
(thermal spike model). At much lower energies
typical for MePIIID and other energetic deposi-
tion techniques, the thermal spike volumes involve
only a relatively small number of atoms, and the
process can be described as atomic scale heating
(ASH). Musil [13] pointed out that ASH can
replace conventional heating and thus produce
dense films corresponding to zone ‘‘T’’ in the
Thornton structural zone model [1] when sputter-
ing is carried out at a low pressure of about 0.1 Pa
and even lower. Kelires [54] proposed to use a
local atomic level stress tensor when calculating
structures of hard, amorphous materials. ASH
should greatly influence the local atomic level
stress tensor.

For energetic deposition using fully ionized
plasmas and the MePIIID technique, we need to
take into account that the arriving ions not only
have considerable kinetic energy, but also potential
energy. Since other film deposition techniques do not
use fully ionized plasmas, the contribution of the
potential energy is usually not important and not
considered. The potential energy includes ionization
energies, excitation energy, and the cohesive energy.
The total energy of an ion of charge state Q arriving
at the substrate surface is given by

EðQ; tÞ ¼ Ekin;0 þ QVbiasðtÞ þ
XQ�1

Q0¼0

EQ0 þ Eexc þ Ec;

ð2Þ
Fig. 3. Schematic presentation of film stress as a function of the

average energy of film-forming particles.
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where the first two terms are the kinetic energy as
mentioned in Eq. (1), Eexc is the excitation energy of
bound electrons in excited states, or rotation and
vibration energies if the arriving ion is a molecule,
and is Ec the cohesive energy. Generally, the
excitation energy is negligible and mentioned here
for completeness only. The ionization energies are
significant, especially for multiply charged ions.
Note that the ionization energy EQ is defined as the
energy needed to remove a bound electron from an
ion of charge state Q; forming an ion of charge state
to Q þ 1 [60,61]. Therefore, when calculating the
total ionization energy being supplied to the
substrate by, say, a triply charged ion, one needs
to add the ionization energies of all three ionization
steps, as shown in Eq. (2). Table 1 includes
ionization energies and cohesive energies. For
deposition from filtered cathodic arc plasmas, the
difference between kinetic and total energy,
Eqs. (1) and (2), respectively, can be quite im-
portant; compare Fig. 2 center and bottom.

The greater the ionization state, the higher is the
potential energy, and the potential energy may
exceed the kinetic energy for highly charged ions.
For instance, the potential energy of highly
charged ions produced by an electron beam ion
trap (EBIT) can cause electron emission and
significant electronic excitation of the substrate
material [62].

While the transition from tensile to compressive
stress has been extensively studied for sputtering
and ion-assisted deposition [36,37,55,63], the
nature of stress relaxation at a higher energy is
less investigated and utilized. Possible reasons for
the lack of attention are perhaps the reduced
deposition rate due to sputtering as well as
unwanted ion damage and amorphization that
are observed at higher energies. The self-sputter
yield reaches unity for ion energies of order 1 keV,
thus a film growth at higher energies occurs only at
a low percentage of energetic ions.

In a recent work, Bilek and coworkers [45]
associated stress relaxation at much higher ion
energies (keV) with the thermal spike model. The
higher the impact energy, the greater is the volume
of the thermal spike and the longer is the
quenching time. For sufficiently high-ion energy,
atoms are given the energy and time to move to

different configurations and thus relax stress by
assuming positions of minimum free energy. For
carbon, this would promote relaxation from sp3 to
sp2 hybridization, in agreement with observations
[64].

MePIIID and other techniques offer the possi-
bility to choose bias amplitude and duty cycle so as
to adjust the ion energy and the ratio of high-
energy to low-energy particles. Very high-ion
energy at very low duty cycle produces stress
relaxation [45,55,64]. Stress relaxation by energetic
self-ion bombardment can be used to grow thick
films that would otherwise delaminate. The most
prominent example is the growth of thick layers of
hard amorphous carbon. Stress relaxation can be
achieved by thermal annealing with a carefully
chosen temperature and a procedure that main-
tains the diamond-like character of the films
[65,66]. However, the energy of ions can also be
used, provided it is sufficiently high to cause
tress relaxation by defect recombination and
reduction of strain energy. In earlier works of
cathodic arc deposition [42,67], good adhesion
was associated with the formation of an intermixed
layer (see 3.1.), however, stress relaxation most
likely contributed to the observations (Fig. 4).
Vacuum arc deposition of mm-thick hard carbon
films was made possible using very high carbon ion
energy (20 keV) at a very low duty cycle (1%) [68].

By affecting film density and stress, energetic
deposition also has a profound influence on
practically all properties, including hardness,
Young’s modulus, surface roughness, and texture.
Depending on the material and temperature, films
are either amorphous or polycrystalline. A ther-
modynamic description can be used to determine
the preferred texture and orientation, taking into
account surface energies, energy at interfaces, and
elastic strain energy [69]. If the deposition is
performed at a relatively low temperature, where
atoms are not able to move to many configura-
tions at times much longer than the thermal spike
quenching time, the structures are determined by
the effects of the impacting ions, particularly by
the impact-induced strain energy. This non-equili-
brium, kinetic growth mode is especially important
for the deposition of some superhard materials
such as ta-C [50,70] and c-BN [71–73].
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4. Some applications

4.1. Ultrathin carbon films for data storage

applications

For many years, the magnetic storage industry
has demonstrated a remarkable increase in data
storage density; research and development is
currently undergoing towards 100 Gbit/in2,
allowing consumers to buy hard disk drives that
will have several 100 Gbytes [74]. In order to
achieve this, the read/write head has to be
extremely close (B10 nm) to the magnetic
layers of the disks; thus, protective coatings such
as ultrathin ta-C layers have to be as thin as 3 nm
or less. Energetic deposition of carbon ions
produced by a filtered cathodic arc has been
shown to be a promising approach to reach these
goals [75,76].

4.2. Thick carbon films for MEMS applications

As mentioned in point 3.3, stress relaxation can
be used to grow thick hard carbon films that still
have their diamond-like character [65,66,68].
Possible applications are microelectromechanical
systems (MEMS) where materials are needed
that are tough, i.e. hard and elastic, chemically
inert, showing low friction and wear, and are
compatible with other application-specific require-
ments.

4.3. Dense metal films as laser mirrors

The columnar film structure obtained by
evaporation or sputtering implies less than
perfect reflection of radiation. The reflectivity can
be improved by ion assistance such as energetic
self-ion assistance of cathodic arc deposition.
For instance, Martin and coworkers [77]
increased the reflectivity of gold films in the near-
IR region from 96% by magnetron sputtering
to 99% using filtered cathodic arc gold plasma.
Although this increase does not seem to be
much, it can be critical for high-power laser
applications.

Fig. 4. Effect of ion energy on delamination: A 100 nm

thick film of YBa2Cu3Ox was deposited by filtered catho-

dic arc on a silver layer that was previously deposited on

a silicon wafer. Top: no bias is applied; Center, pulsed

bias –200 V, 2 ms; Bottom: pulsed bias –2 kV, 2ms (from

[67]).
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4.4. Improvement of environmental stability of

optical films

The properties of optical films such as the
index of refraction and the coefficient of absorp-
tion depend on the film density and texture.
Energetic deposition determines even optical film
properties of oxides and nitrides [77]. Porosity
found in films fabricated by evaporation facilitates
film degradation, particularly in humid environ-
ments, and thus energetically deposited films
exhibit a better long-term performance. For
instance, the porosity of silver films was
shown to be reduced by ion-assisted deposition,
leading to improved stability in humid environ-
ments [78].

4.5. Transparent conducting films

There are at least two types of transparent
conducting films: thin metal films and conducting
oxide films such as indium tin oxide (ITO) and
ZnO. These films are of great importance for low-
emissivity glass windows, touch-screens, solar
cells, and electrochromic devices. The oxide films
usually show a very high transmission in the visible
region, but reflect in the infrared. Energetic
deposition has an effect on both optical and
electrical performance.

Thin conducting metal films should be made
from noble metals to prevent rapid degradation by
oxidation. Ultrathin platinum films show in-
creased conductivity when deposited with sub-
strate bias of at least –100 V. For instance, a
resistivity of 66 mO cm�1 was obtained for film
thickness of 5 nm having 40% transmission at the
He–Ne wavelength of 632.8 nm [79,80].

ZnO is a wide band gap semiconductor that
shows good conducting properties when doped,
for instance, with Al. Xu and coworkers [81]
used filtered cathodic arc deposition to fabricate
high-quality polycrystalline ZnO on Si (1 0 0)
substrates.

4.6. Metallization of semiconductors

Energetic deposition is rarely used in the
semiconductor industry, mainly because ion en-

ergy causes ion damage (defects) of the growing
crystalline films. For some fabrication processes,
however, these defects can be ‘‘repaired’’ by
annealing, as it is commonly done after ion
implantation. It has been demonstrated [82]
that energetic deposition using filtered vacuum
arc plasmas can lead to copper filling of vials
and trenches as well as to the conformal de-
position of diffusion barrier layers. Using the
MePIIID technique with optimized para-
meters, Monteiro [83] conformally deposited
Ta and TaN barrier layers and filled 100 nm
wide trenches of 8:1 aspect ratio with copper.
Energetic deposition other than filtered arc and
MePIIID, however, is used in the semiconductor
industry. In ‘‘ionized physical vapor deposition’’
(I-PVD), metal vapor from an evaporation source
or sputter target is ionized using ECR or RF
discharges. The ions are accelerated by a bias up
to –150 V and can be used to fill vials and trenches
[11].

4.7. Deposition of hard and protective coatings

Tools, engine components, building appliances,
biomedical implants, and many other workpieces
are being coated with cathodic arc and other
energetic deposition technologies [1,2,8,26,84]. The
purpose is to form highly adherent coatings that
protect the bulk material against wear and
corrosion. From this very large field, only a few
examples shall be mentioned. Some oxide and
nitride films show high-corrosion resistance, hard-
ness, elasticity and a low coefficient of friction
[56,77]. TiN and (Ti,Al)N coatings are today
commercially deposited using Ti and Ti–Al DC-
cathodic arcs in a nitrogen environment and with
substrate biasing. Al2O3 films were deposited on
stainless steel using a filtered arc [85] and pulsed
high-voltage substrate bias [28]. A dual-plasma-
source approach was demonstrated for the ener-
getic deposition mullite, a coating that protects
against oxidation at a high temperature [86]. Other
coatings are being developed such as c-BN [71] and
nanocomposite coatings [13]. Recently, there are
also efforts to deposit B4C films using cathodic
arcs [87].
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5. Summary and conclusion

Energetic deposition in the form of ion plating
and ion-assisted deposition has been recognized
for many years as powerful methods for the
fabrication of dense films with tailored mechan-
ical, tribological, optical, chemical, etc., proper-
ties. In recent years, energetic self-ion-assisted
deposition such as the MePIIID technique and
hybrid implantation and deposition methods have
emerged. Particularly interesting is the relation of
ion energy and stress, which in turn affects strain
energy, adhesion, texture, hardness, elastic mod-
ulus, index of refraction, and other film properties.
For MePIIID and similar techniques using fully
ionized plasmas, one needs to distinguish between
the kinetic ion energy on the one hand, which is
important for the formation of an intermixed
layer, sputtering, and the subplantation growth
mechanism, and the total ion energy on the other
hand, determining substrate heating via atomic
scale heating, and associated effects such as stress
relaxation.
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